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A widely-used description of vegetation response to fire is that species can be clearly
classified as sprouters or non-sprouters. We aimed to assess: (1) how well this
dichotomous classification (sprouter/non-sprouter) described the responses of a semi-
arid flora to experimental disturbance; (2) how similar were sprouting responses to
treatments mimicking intense herbivory and fire; (3) how well easily-measured traits
could predict sprouting. Sprouting was assessed for 45 species from a range of growth
forms (grasses, forbs, sub-shrubs, woody shrubs and trees) from semi-arid south-
eastern Australia. We used two treatments: clipping at stem base, and clipping followed
by burning with a blowtorch.
A dichotomy accounted for  /60% of deviance explained by species identity. Models
with three or four groupswere not substantially better. The dichotomy was not between
0% and 100% sprouting, rather between ‘weak’ and ‘strong’ sprouters. Probabilities of
sprouting for weak sprouters were 23% after clipping and 6% after burning, while
strong sprouters had sprouting probabilities of 90% after clipping and 79% after
burning. While sprouting varied in space and time, the dichotomy was robust to this
variation. Sprouting ability increased with size in most of the species with variable
sprouting.
Sprouting was partially related to growth form; grasses sprouted strongly, chenopods
weakly, and forb and woody species covered the range of sprouting. Strong sprouters
were likely to have more stems per plant, greater basal area, shorter potential height
and deeper buds than weak sprouters. A hierarchical model that used growth form and
then stems-per-plant provided a simple, robust predictor of sprouting.
Four-fifths of species responded consistently to clipping and burning while one-fifth
of species were strong sprouters after clipping but weak sprouters after burning.
Burning reduced sprouting most in intermediate sprouters. Differences between
sprouting after clipping and burning reflected increased intensity and were related to
the depth of buds below ground.
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Most terrestrial ecosystems are subject to periodic
natural disturbances that result in loss of above ground
biomass. Such disturbances include wind throw, frost,
drought, severe herbivory and fire. Applying and with-
holding disturbances form the core of vegetation man-
agement, e.g. fire, intense grazing, mowing, clearing and
herbicide application (Stoddart et al. 1975, Harrington
et al. 1984, Hodgkinson 1998). So knowledge of plant
responses to disturbances is crucial to understanding
and managing vegetation.
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72 OIKOS 107:1 (2004)In response to loss of all above-ground biomass,
plants must either sprout or die (Bond and Midgley
2001). If plants do not persist through disturbance
vegetatively, then they are wholly reliant on regeneration
from seed (Noble and Slatyer 1980). This simple
observation is the basis for classification systems of fire
response (Gill 1981, Bond and van Wilgen 1996).
Further distinctions can be made using the mode of
sprouting, the presence of persistent seed banks and fire-
stimulated recruitment (Keeley and Zedler 1978, Gill
1981, Bond and van Wilgen 1996). Such classifications
are central to predicting vegetation dynamics at local
and regional scales and formulating management in a
range of areas including woody weed invasion, species
coexistence, conservation and fire hazard management
(Shugart and Noble 1981, Gill and Bradstock 1992,
Strasser et al. 1996, Bradstock et al. 1998, Loehle 2000,
Franklin et al. 2001, McCarthy et al. 2001, Groeneveld
et al. 2002, Pausas et al. 2004). This paper has three
main aims: (1) to test the utility of a dichotomy into
sprouters and non-sprouters; (2) to ask whether species
respond similarly to two disturbance treatments; (3) to
determine what easily-measured traits are correlated
with sprouting.
Sprouting as an outcome for an individual is binary  /
in response to a disturbance that kills all above ground
biomass a plant either sprouts successfully or it dies.
However, the ability to sprout (as a species trait) could
be represented by a probability. If species could be
unambiguously classified as sprouters or not, this would
considerably simplify the task of prediction both in the
case of local land management and for simulations of
vegetation dynamics. Many previous studies have docu-
mented sprouting (reviewed by Bell 2001, Bond and
Midgley 2001, Del Tredici 2001). However, an explicit
experimental assessment of the dichotomy, across many
species, is lacking.
Characterizations of sprouting behaviour in different
vegetation types and disturbances do vary (Vesk and
Westoby 2004a). Fire-prone shrublands are most fre-
quently characterized with a dichotomy of sprouters and
non-sprouters. A global literature synthesis of sprouting
showed that a dichotomy effectively characterized in-
tense disturbances, such as fires resulting in stem-kill,
but there was a continuum of responses following less
intense disturbances (Vesk and Westoby 2004a). Those
studies that have quantitatively assessed sprouting ability
across a range of co-occurring woody species have
shown that a continuum of sprouting ability exists
(Bellingham et al. 1994, Hodgkinson 1998). This is little
disputed, but division into sprouters and non-sprouters
after fire is one of the most widely-used functional
classifications in ecology, land management and biogeo-
graphy. We asked whether a simple dichotomy could
capture most of the variation in sprouting ability? And if
it did, then how do we understand those species
responses that are not well described by the dichotomy?
Many single- or few-species studies show variation in
sprouting within species (e.g. 30 /70%; Gill and Brad-
stock 1992). We addressed four possible causes in a
comparative field experiment of sprouting by 45 species.
(1) Temporal variation, especially season (Clark et al.
1982), and spatial variation (Lo ´pez-Soria and Castell
1992) were assessed by a partial repeat of the experiment.
(2) We assessed whether within-species variation in
sprouting was related to plant size (Hodgkinson 1998).
(3) We used two treatments mimicking browsing and fire
to assess variable sprouting due to disturbance type and
intensity (Lloret and Lo ´pez-Soria 1993). (4) We con-
structed a simple mixture model to examine the spread
of sprouting responses expected on purely statistical
grounds if sampling from two binomial distributions
with known parameters (n, sample size and p, prob-
ability of sprouting).
Management often implicitly assumes that distur-
bances are substitutable, i.e. species’ responses to differ-
ent disturbances are equivalent (Lindenmayer and
McCarthy 2002). In this study, clipping served as a
proxy for severe herbivory, and the addition of stem-
stump burning provided a proxy for fire. We asked
whether species respond to two disturbance treatments
similarly. This is important in an applied context because
different vegetation structure and dynamics may result
from alternative activities such as grazing, mowing or
fire, if species have idiosyncratic responses to different
disturbances.
Identification of easily-measured traits that correlate
with sprouting ability would be useful in the absence of
detailed species knowledge, potentially saving much
work researching species’ responses to disturbances.
Past work on traits related to sprouting ability has
emphasized root allocation and starch (Pate et al. 1990,
Lloret and Lo ´pez-Soria 1993, Bell and Ojeda 1999). The
current study investigates how sprouting ability is related
to other easily-measured traits that might reflect alloca-
tion trade-offs, such as potential height (Midgley 1996).
Materials and methods
Sites
This study was carried out in central western New South
Wales, Australia. The climate is warm and semi-arid.
The closest meteorological station, Mt. Hope 30 km
north-west, has median annual rainfall of 370 mm (220 /
595, 1st to 9th deciles), and mean maximum daily
temperatures ranging from 14.28C in July to 32.58Ci n
February (Fig. 1). Monthly rainfall is relatively evenly
distributed throughout the year, but is associated with
patchy thunderstorms in summer and persistent but less
intense fronts in winter. The area comprises low hills and
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vegetation types open Callitris glaucophylla  / Eucalyptus
populnea woodland and Eucalyptus dumosa  / E. socialis
shrub mallee woodland (Cohn 1995). Wildfire in open
woodland recurs every 5 /20 years when years of above-
average rainfall allow sufficient grass (Stipa spp.) fuel to
build up (Walker et al. 1981, reviewed by Hobbs 2002).
In these fires, mature trees may escape total leaf scorch,
while shrubs and ground storey commonly experience
total leaf scorch. Mallee woodland experiences fire with
a similar mean frequency, though with less variable
inter-fire periods as Triodia scariosa (porcupine grass)
fuel breaks down more slowly than Stipa spp. in open
woodland and so is retained over a number of years
(Bradstock 1989, Noble 1989, Bradstock and Cohn
2002). In mallee fires, all growth forms commonly
experience total leaf scorch, allowing for patchiness in
intensity, in turn dependent upon the balance of cover
and bare ground (Bradstock and Cohn 2002).
Nine sites were located within ca 5 km of each other in
Round Hill-Nombinnie Nature Reserve (33821? S,
146801? E) and one site, 35 km to the east (3381?26ƒ S,
146830?56ƒ E), was in a 120 ha exclosure that was fenced
in 1950 (Cunningham and Milthorpe 1981). Sites were
selected to maximize the number of species sampled and
species were not sampled at more than one site. Soil
types covered a range of loamy red sands, light red clays
and light red brown earths (Cohn 1995).
Species
We sampled common species of plants that had indivi-
duals less than 1.5 m tall, as these might be exposed to
browsing by mammalian herbivores, primarily western
grey kangaroos Macropus fuliginosus and feral goats
Capra hircus. Ephemeral species were excluded. In all, 45
species were treated, representing 10 grasses, 11 forbs, 7
sub-shrubs of the Chenopodiaceae and 17 woody shrubs
and trees (Appendix 1). Nomenclature follows the
Australian Plant Name Index online database (APNI)
(Chapman 1991).
Pre-treatment data collection
Plant canopy area was estimated as an ellipse around the
outline of the plant foliage. Plant height was measured as
height of the top of the majority of the foliage, excluding
single projecting twigs and reproductive culms. Basal
areas were estimated variously for the different growth
forms but consistently within species. For single- or few-
stemmed species, stem diameters were measured with
calipers. For species with several to many stems, the
largest few stems were directly measured and two
diameters of the stems as a clump were also measured.
For grasses and other many-stemmed species, only the
clump diameters were measured. For comparison across
species, only the basal areas of the clumps were used.
The number of stems at the clipping point was converted
to a categorical scale of 1, 2 /3, 4 /10, 11 /30, /30. For
grass species, stem counts were performed on a random
sample of 10 plants and the basal diameters were
recorded for comparison with treated plants. Both basal
area and stems-per-plant are presented in the results,
because basal area was a better measure for grasses and
stems-per-plant was better for forbs and shrubs. For
comparison of traits between species, we used means of
all individuals from a species. Potential heights were
estimated from heights of tallest individuals sampled.
For tall species ( /1.5 m), heights of tallest individuals
of the species from the locality were used.
Treatments
For each species, 30 individuals were located and
sequentially allocated to each of control, clip and burn
treatments, dispersing the treatments. The aim of our
study was to test ability to withstand above ground
biomass removal, with and without stem-base burning,
standardized for comparisons across species of differing
growth form. So all (treatment) plant stems were cut ca 5
mm from the ground, allowing for practical constraints
of pruning and ensuring that prostrate growth forms did
not escape clipping. This, of course, excluded epicormic
Fig. 1. Climate diagram for
Mount Hope NSW, the closest
meteorological station to the study
site. Rainfall recorded for the
period relevant to this study
indicated by ﬁlled circles. Arrows
indicate treatment dates, lollipops
indicate recording dates. Regions
of horizontal hatching correspond
to periods of water supply, vertical
hatching indicates water deﬁcit.
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was no treatment of burning without clipping. A three-
sided, sheet-metal windshield (20 /20 /20 cm) was
placed around the clipped plant stump. Plants were
burnt with hand-held blow-torches (Taymar TH 2000,
Bristol UK) burning 70% butane/30% propane, set to
have similar length of blue flame. Flame was played
evenly over an area 10 /10 cm centred on the stump
from a distance of 10 cm, moving constantly for 2 min.
This treatment distributed heat evenly and equally over
the ground surface, so that single-stemmed plants did
not receive more direct heat than grass tussocks.
Treatments were performed over 6 /15 June 2000.
Plants were scored for sprouting 18 weeks later (October
5 /10, 2000), and again March 26 /30, 2001 for woody
species with low sprouting proportions at the first visit.
Maximum survival from the two visits was used to assess
the potential to sprout. Background mortality in control
plants was very low. Where possible, at least three
sprouting plants per treatment per species (not including
control) were dug up to determine the number and depth
of sprouting buds. Species-mean maximum depth of
sprout emergence was estimated as the mean of the
maximum depth on each surviving individual that was
dug up.
To assess heat penetration associated with the burn
treatment, soil from the Mallee (loamy red sand) and the
exclosure (light red brown earths) was brought back to
the lab. These soils were the most sandy and most clayey
of the soil types encountered at the sites. Slabs of wet soil
(20 /20 /3 cm) were allowed to dry. Flame was applied
as in the field treatment. Temperatures were recorded
using an Anritsu AM-7002 data collector (Anritsu,
Tokyo Japan) and thermocouples (24 gauge Ni-Cr, Ni-
Al) inserted from the side to various points within the
10 /10 cm heated area. Temperatures were recorded
every second at 18C accuracy until soil temperatures had
fallen to 408C. Heating was repeated three to four times
with thermocouples in place, allowing temperatures to
cool to  /208C between runs. The thermocouples were
excavated to determine their depth below the soil
surface. Thermocouples were repositioned and covered
with wet soil, which was allowed to dry before sub-
sequent burning trials.
Assessing adequacy of a dichotomy using a mixture
model of expected responses
To assess the utility of a sprouting dichotomy, we used a
mixture model approach (McLachlan and Basford
1988). Data were treated as arising from a small number
of groups or populations, each of which had binomial
distributions, with one probability of sprouting after
clipping and another probability of sprouting after
burning. The simplest model, a single group, assumed
the species were the same and were samples from one
population. The second model assumed that there were
two groups. Expected numbers of plants sprouting were
calculated for each species as if they were small samples
from one of the two groups, given the number of species,
the number of plants treated, the probability of belong-
ing to a particular group and the associated probabilities
of sprouting after the two treatments. Parameter esti-
mates (probability of group membership and probabil-
ities of sprouting after the two treatments) and
associated deviances (D; /2 log-likelihoods) were calcu-
lated with maximum likelihood methods (McCullagh
and Nelder 1989) using the Solver plug-in for Microsoft
Excel 2002 (Microsoft, USA). Deviances were summed
across species to give the model deviance. Three- and
four-group models were constructed similarly to the two-
group model.
The explanatory power of the different models was
calculated as the percentage of the total deviance that
was explained by the fitted models (R
2
L). We also
assessed the deviance explained by the different models
relative to that of the species  / treatment model (R
2
S).
The deviance associated with the species  / treatment
model is that which is expected if we knew what species
and treatment each plant belonged to, so it represents
the upper feasible limit for prediction by simple models.
We used explained deviances to assess goodness of fit
rather than analyses of deviance (McCullagh and Nelder
1989) because when comparing two models that differ in
the number of groups, say two and three groups, the null
hypothesis is that the probability of belonging to the
third group is zero. In this case, the estimated probability
is at the boundary of possible values (0 /1) and deviances
are not well approximated by x
2 (McLachlan and
Basford 1988:21).
Assessing effects of spatial and temporal variation
on a dichotomy
To check the robustness of the dichotomy to temporal
and spatial variation in sprouting we carried out similar
analyses to those above for a sub-set of nine species that
were chosen for repeated experimentation at different
locations a year later (Calotis cuneifolia, C. lappulacea,
Minuria leptophylla, Einadia nutans, Sclerolaena dia-
cantha, Olearia pimelioides, Senna artemisioides, Eremo-
phila glabra, E. longifolia; Appendix 1). The species were
chosen to represent forbs, chenopods and woody species
and to include some species that had variable sprouting
and some species for which the sprouting success of
plants that were clipped then burnt was much lower than
those plants that were only clipped. Treatments were
carried out over March 26 /31, 2001 and revisited
August 15 /16 and November 21 /23, 2001.
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sprouting?
We used meta-analysis to combine the information from
several small analyses (n /10 for each species) with the
same hypotheses (Gurevitch et al. 2001). We converted
the size measures into binaries (low and high values, split
at the median). Plants were then cross-classified by size
(small or large) and by sprouting (no or yes) into 2 /2
tables for each size measure, for each species by
treatment combination that showed variable sprouting
(0.1B/sprout proportion (S)B/0.9; 14 species for clip-
ping, 13 for burning; Appendix 1), and odds ratios were
calculated. We checked that log-odds-ratios were nor-
mally distributed and that variances were not hetero-
geneous. The values of the log-odds-ratio were plotted
and the cross-species means and confidence intervals
were then estimated, taking into account species var-
iances (Gurevitch et al. 2001), using MetaWin 2.0
(Rosenberg et al. 1997).
Do clipping and burning result in similar
classifications of sprouting?
We used cluster analyses to classify species as sprouters
or non-sprouters (Sokal and Rohlf 1995) for each of
clipping and burning separately. To ensure robust results,
we used several methods (K-means, hierarchical agglom-
erative methods based on complete linkages, between
groups average linkages, and centroid and median based
linkages) within SPSS for Windows 10.0 (SPSS Inc.
Chicago, USA). The classifications were then compared
in a 2 /2 contingency table.
Using species traits to explain sprouting ability
To analyse the ability of various traits to predict
sprouting, we used logistic regression (Hosmer and
Lemeshow 2000). The probability of sprouting was fitted
by maximum likelihood methods, assuming a binomial
error distribution. That is, the response variable data
were independent (plants) and binary (sprout or die).
When analysing between-species relationships between
traits and sprouting, all plants of a species were assigned
the species mean values for each trait. To account for
within-species clustering of sprouting ability, we used a
constrained permutation approach (Manly 1997). Spe-
cies labels were randomly reallocated among species. We
used 5000 permutations for each test, which allows
significance at the P /0.01 level (Manly 1997). Analyses
were performed using R-program 1.4.0 (Ihaka and
Gentleman 1996). When analysing multiple factors,
significance of particular terms was determined by the
change in deviance resulting from removing the term
from the fitted model (Hosmer and Lemeshow 2000). As
a measure of goodness of fit, we used the percentage of
total deviance explained by the fitted model (R
2
L).
However, values should be interpreted cautiously, as
they do not have the same properties as R
2 values for
linear regression (Hosmer and Lemeshow 2000:166). We
also report the percentage of the between-species de-
viance that was explained by traits (R
2
S), as this
represented the feasible upper limit of prediction using
species means and other simplified models such as the
dichotomy and growth form.
Results
How well did a dichotomy describe species’
responses
Species’ sprouting proportions covered the range
0 /100% after both clipping and burning treatments
(Fig. 2a). The proportion of plants sprouting following
clipping was generally greater than or equal to that
following burning, resulting in a triangular relationship
between the sprouting proportions following the two
treatments (Fig. 2). This was to be expected, because
plants in the burning treatment were clipped prior to
burning.
Most species fell into one of two response groups:
those with weak sprouting ability and those species with
strong sprouting ability (Fig. 2). This grouping was
determined by comparing a best-fit model consisting of
two groups (themselves binomial distributions) with
observed sprouting proportions (Fig. 2b, c). More than
60% of the deviance explained by the species by
treatment model (which represents the upper limit of
prediction for the dataset) could be explained by a
simple dichotomy of species, in which roughly half were
‘‘sprouters’’ and half ‘‘non-sprouters’’ (Table 1 ). How-
ever, it was clear in this two-group fit that sprouters had
B/100% probability of sprouting, and non-sprouters had
 /0% probability (Fig. 2b, Table 1). Neither a three-
group nor a four-group model explained much more
deviance than the two-group model (Table 1).
Was the dichotomy robust to spatial and temporal
variation?
In the sub-set of species for which the experiment was
repeated, the sprouting proportion varied between years
(species with asterisks, Appendix 1). Rainfall over the six
months prior to the first experiment was above average.
Rainfall between treatment and scoring of the first
experiment was slightly below average (Fig. 1). Forb
and chenopod species did not sprout as well in the
second year, perhaps due to drier conditions (Fig. 1).
Shrubs generally had similar or better sprouting success
in the second year.
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(Y) and its interactions for the sub-set of species, we
found that the ability of species (S) and treatment (T) to
explain sprouting results declined substantially (Fig. 3
compare grey bars S, T with S, T, Y). So, broadly,
sprouting did vary in space and time. In contrast to the
species by treatment model though, the deviance ex-
plained by the two-group model was little changed over
the two years (Fig. 3 compare 2 group black bar with
grey bar). Thus the ability of the two-group model to
Fig. 2. (a) Sprouting proportions after clipping and burning treatments for 45 species (n /10 plants per treatment per species) from
semi-arid NSW, Australia. Bars represent numbers of species with that particular combination of proportion of plants sprouting
after clipping (x-axis) and after burning (y-axis). Looking at the ﬂoor of the graph, the eastern corner would be species with strong
sprouting after both clipping and burning, in the south are species that are strong sprouters after clipping but weak sprouters after
burning, in the west are species that are weak sprouters after both clipping and burning, in the northern corner would be species
with strong sprouting after burning but weak sprouting after clipping, the northern corner is unoccupied. (b) Expected sprouting
proportions for a two-group model, using a mixture of sprouter (high probability) and non-sprouter (low probability) groups, each
with binomial distributions. Best-ﬁtting model parameters: sprouters (group membership 52%, sprouting probabilities: Pc  /0.90,
Pb  /0.79) and non-sprouters (group membership 48%, Pc  /0.23, Pb  /0.06). (c) Residuals simply calculated by subtracting
modelled from observed data.
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identity, when spatial and temporal variation were taken
into account. If these patterns were to apply to the full
species set, then the estimate of the two-group model
accounting for 61% of the variation between species
should be an underestimate.
Plant size partly explains variable sprouting
Across a majority of species that had variable sprouting,
larger plants tended to be more likely to sprout than
smaller plants (Fig. 4). This effect was clearest after
clipping, for the size measures basal area and stems per
plant. The cross-species means of log-odds ratios were
positive for basal area and stems per plant, although
95% confidence intervals overlapped zero (Fig. 4). So
while in some species larger plants were stronger
sprouters, this was not true for all species.
How similar were clipping and burning?
There was a strong correlation across species between
the proportion of individuals that sprouted after clipping
and after burning treatments (R
2 /0.62, PB/0.001).
Using a contingency table of sprouter classification
under the two treatments, 37 of 45 species were similarly
classified by clipping and burning responses (Appendix
1). Eight species (18%) were classified as sprouters under
clipping, but non-sprouters under burning; no species
were classified as sprouters under burning but not under
clipping. The odds of being classified as a sprouter under
burning were  /80 times greater for species classified as
sprouters under clipping than for non-sprouters (odds
ratio /84.4). These results indicate the overall similarity
between the two treatments. Despite the similarity of
species classifications, burning had a negative effect on
sprouting; 63% of all plants sprouted following clipping
but only 38% sprouted after burning. Also, most species
did not lie on or above the 1:1 line of sprouting
proportions following the two treatments (Fig. 2). The
effect differed between growth forms. For chenopods the
effect of burning was far greater than that of clipping. In
grasses all species survived clipping  /90% but burn
sprouting ranged 20 /100% (Fig. 5). Woody species
showed the most similar responses to clipping and
burning, being close to the 1:1 line (Fig. 5).
Sprouting ability of major growth forms
Growth form was a significant but weak predictor of
sprouting success after clipping and marginally so after
burning (Table 1). Grasses were strong sprouters after
clipping, but burn sprouting ranged 20 /100% (Fig. 5).
Chenopods had generally low sprouting proportions
after clipping and extremely low sprouting following
burning (Fig. 5). Forb species fell into groups of strong
and weak sprouters and woody species covered the range
of sprouting (Fig. 5).
Table 1. Parameters for best ﬁt models simplifying the number of different sprouting responses between 45 semi-arid south-eastern
Australian species. R
2
L is the percentage of total deviance explained. R
2
S is the percentage of species by treatment deviance explained.
Model 1-group 2-group 3-group 4-group
R
2
L 53 5 3 7 3 8
R
2
S 86 1 6 3 6 5
G r o u p 121231234
Group membership (%) 100 48 52 31 24 45 30 23 32 14
P (clip sprouting) 0.63 0.23 0.9 0.13 0.6 0.94 0.12 0.59 0.94 0.94
P (burn sprouting) 0.38 0.06 0.79 0.01 0.17 0.81 0.01 0.14 0.7 0.99
Table 2. Summary of results of logistic regression of traits predicting sprouting success between 45 semi-arid species from
south-eastern Australia. R
2
L is % of total deviance explained; R
2
S is % of species by treatment deviance explained.
Model Treatment d.f. D P R
2
L R
2
S
Species Clip 44 300.2 B/0.01 51 100
Burn 44 360.3 B/0.01 60 100
Stem number Clip 1 127.5 B/0.01 23 44
Burn 1 101.6 B/0.01 18 29
Basal area Clip 1 56.1 B/0.01 10 19
Burn 1 79.7 B/0.01 13 22
Sprout depth Clip 1 46.3 0.04 11 24
Burn 1 87.6 B/0.01 17 30
Maximum height Clip 1 42.6 0.05 7 14
Burn 1 18.5 0.19 3 5
Growth form Clip 3 51.9 0.03 9 17
Burn 3 31.0 0.08 5 9
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Several measurable species traits were predictors of
sprouting success (Fig. 6). Stem number was the most
important variable in relation to sprouting after clipping,
but the depth of sprouts was roughly equal in impor-
tance for sprouting after burning (Fig. 6, Table 2). Grass
species were at the upper end of these relationships
indicating ecological differences between growth forms.
Grasses generally had greater basal area and were more
likely to sprout than other growth forms following both
clipping and burning. However, relationships can be seen
within the growth forms as well (Fig. 6). Indeed, main
effects for both stems per plant and basal area explained
deviance after the effects of growth form had been
accounted for (Table 3), indicating that these traits had
consistent effects within growth forms.
No trait explained further deviance after stems per
plant, but stems usually explained deviance after the
effects of other traits had been accounted for (Table 3).
Although sprouting success after clipping tended to
decrease with increasing maximum height of species
(Fig. 6), stems per plant explained further deviance after
height while height did not explain deviance after the
effect of stems per plant had been accounted for (Table
3). So, taller species sprouted less well than shorter ones
because taller species had fewer stems. The correlation
between height and stems per plant was weak (Pearson’s
r / /0.44, P /0.004, n /43), and correspondingly the
negative relationship between height and sprouting was
weak (Fig. 6).
Are plants that are stronger sprouters multi-stemmed
because they have been damaged previously and only the
plants that have sprouted successfully are left? We can’t
be sure, but sprouting proportions of single-stemmed
plants were similar to, and on average slightly lower
than, sprouting proportions for multi-stemmed plants
from the same species [clipping: multi-stemmed sprout-
ing proportion /0.073  /0.50 /(single-stemmed sprout-
ing proportion), F(1,22) /10.16, R
2 /0.29, P /0.004, 24
species, 236 plants]. Thus there were two factors
contributing to sprouting success, an intrinsic sprouting
ability and multi-stemmedness.
Under the burning treatment, peak soil temperatures
declined rapidly with soil depth and were well fitted by a
power relationship (Fig. 7a). Slopes and intercepts of the
regression relationships for the two soil types were very
similar (slope: F(1,53)B/0.001, P /0.99; elevation:
F(1,53) /0.178, P /0.68) and thus the data were pooled.
Effective heat load, calculated as an equivalent time at
608C accumulating all time at temperatures in excess of
408C, was related to soil depth in a similar manner to
peak temperature (not shown).
Following clipping, sprouts emerged at depths ranging
from the cut stem surface down to several centimetres
below ground (Fig. 6). However, the minimum depth
from which sprouts emerged following burning was ca
5 /6 mm below the soil surface (Fig. 7b), suggesting that
the burning treatment killed tissues above this depth. At
this depth the peak soil temperature reached was about
658C (Fig. 7a).
Two species showed evidence of root suckering,
Grevillea anethifolia suckered in one instance, while
Eremophila longifolia displayed several instances of
suckering.
Predicting group membership of species with traits
If we accept that a dichotomy between weak and strong
sprouters is an adequate description of responses, then
this suggests the problem of predicting sprouting success
may be viewed as how to assign a species to either the
Fig. 3. Percentage deviance explained by models of sprouting
ability for 45 species of semi-arid plants, considering effect of
spatial and temporal variation. A sub-set of nine species was
selected for sampling in the subsequent year, in different
locations. The one-group model considered treatment as a
factor, allowing different probability of sprouting after clip
and burn treatments. The two-group model considered two
populations each with different probability of sprouting after
clip and burn treatments. Black bars show the percentage of
deviance explained for these nine species as a sub-set of the ﬁrst
year’s sampling. Grey bars show deviance explained for data
from two years of sampling. A full model (S, T, Y) considering
species, treatment, year and all interactions accounted for
slightly more deviance than the species and treatment model
for the ﬁrst year (S, T, black bar). Removing the terms for year
and its interactions from the model reduced the deviance
explained by species and treatment (S, T, grey bar). However,
the deviance explained by the two-group model was little
changed under spatial and temporal variation (2 group, grey
bar).
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probability of sprouting for each group). For the species
that had at least one plant sprout, maximum depth of
sprout emergence after clipping was the best predictor of
group membership (Table 4). Species with sprouts
emerging from shallow depths were in the weak sprouter
group. But this classification requires that one perform
the clipping experiment, and then dig up the plant, and
does not assist in predicting to which group the species
belongs. Growth form was the best predictor variable,
once we discounted sprout depth (Table 4). Both growth
form and stems per plant each explained further
deviance after the effect of the other had been accounted
for, demonstrating that stems per plant had similar
effects within each growth form (Table 4). In general,
chenopods were weak sprouters, and grasses were strong
sprouters (Fig. 5). If a species was a forb or woody plant,
then by using the number of stems per plant we could
predict the chance of it being a strong sprouter as 20%
for 2 stems, 50% for 6 stems and 80% for 18 stems. There
was considerable variance around these probabilities
though, and they are presented as a rough guide only.
Discussion
This study has examined sprouting responses and their
prediction for a wide range of species. Two advances of
this study have been (1) the comprehensive sample of a
local flora rather than a sample chosen to exemplify
sprouters and non-sprouters (Keeley and Zedler 1978,
Cowling and Lamont 1987, Pate et al. 1990), and (2) a
range of growth forms rather than solely woody shrubs
and trees (Keeley and Zedler 1978, Cowling and Lamont
1987, Pate et al. 1990, le Maitre et al. 1992, Bellingham
et al. 1994, Zimmerman et al. 1994, Hodgkinson 1998).
Dichotomous classification and its implications for
applied ecology
A ‘‘strong’’ and ‘‘weak’’sprouting ability dichotomy was
a good general model for this semi-arid flora, explaining
half the total deviance and more than 60% of the
deviance that was explained by species. This did not
mean that sprouters never died and non-sprouters
always died. Rather, following burning 79% of strong
sprouters sprouted, but only 6% of weak sprouters
sprouted. Use of more groups was not justified statisti-
cally. Two- and three-group models were equally good
by Akaike’s Information Criterion (AIC; not shown;
Burnham and Anderson 1998), so the parsimonious
choice is the two-group model. The two-group model
was robust to spatial and temporal variation. This result
suggests that if broad-scale vegetation dynamics models
use ‘‘sprouts: yes/no’’ as a decision rule, fairly small
errors will occur (Fosberg et al. 1999, Pausas 1999).
Extinction of non-sprouters under short fire intervals is
often predicted, this may not occur if weak sprouters
have small, non-zero sprouting probabilities as found
here. Models at a stand or population scale may still
incorporate within-species, size-related effects on sprout-
ing probability (Variable sprouting, Shugart and Noble
1981, Strasser et al. 1996, Loehle 2000). This study
provides a clear confirmation of the approach of
classifications developed previously without quantitative
backing (Gill 1981). However, it is recommended that
similar studies be carried out in other ecosystems,
including those that are less fire-prone. Then, we may
determine how sprouting patterns, and the ability of a
dichotomy to describe them, change with vegetation and
disturbance types (Vesk and Westoby 2004a). A recent
literature meta-analysis found that after less intense
disturbances, where more stem remains, sprouting ability
is better described as a continuum (Vesk and Westoby
2004a).
Fig. 4. Summary of relationships between sprouting by plants
within-species and size-related traits for species that had
variable sprouting success (0.1B/SB/0.9). Each data point is
the result of a 2 /2 contingency test of sprouting (yes or no)
and a size measure (large or small). The odds ratio estimates
how many times better the odds of sprouting were, for larger
plants compared with smaller plants. Log transformed values
were used to improve normality. A log-odds-ratio of 0.7
indicates a doubling of chances of sprouting associated with
larger size. Mean effect size and 95% conﬁdence intervals are
overlayed.
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Four possible causes for variable sprouting were inves-
tigated. (1) By using a simple binomial probability model
of sprouting, small samples and statistical fluctuation
were shown to potentially contribute substantially to
observed variation in sprouting proportions. (2) Repeat-
ing treatments for some species showed that some of the
observed variation in sprouting proportions arose from
spatial and temporal variation in sprouting. Further-
more, the dichotomy was robust to variation in space
and time. (3) Intermediate sprouting proportions could
arise because within-species sprouting may be related
to size-related traits including number of stems
(Malanson and Trabaud 1988, le Maitre et al. 1992),
stem circumference (Morrison and Renwick 2000), size
of lignotuber (Noble 1984) and height (le Maitre et al.
1992, Hodgkinson 1998). For a number of species, we
found evidence that larger basal area and more stems per
plant were associated with stronger sprouters. The
important point is not whether the odds of sprouting
are higher for larger plants in all species but that at least
Fig. 5. Sprouting proportions of species in different growth forms following clip and burn treatments. Ten individuals per treatment
per species. Bars represent numbers of species with that particular combination of proportion of plants sprouting after clipping
(x-axis) and after burning (y-axis).
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possible for some species to lose sprouting ability
through ontogeny (Hodgkinson 1998), and this would
tend to bring the mean effect of size on sprouting back
toward zero, while size was actually responsible for some
species recording variable sprouting. (4) Disturbance
type or intensity affected sprouting most notably for
species that already exhibited variability (below).
Clipping compared with burning
Over 80% of species would be similarly classified by
responses to the two treatments independently. The
burning treatment appeared to simply increase the
intensity of the disturbance. The intensity difference
between clipping and burning had little effect on species
with very weak and very strong sprouting ability. Only
at intermediate levels could differences be detected
between sprouting ability following the two treatments.
Whether idiosyncratic response to disturbances is im-
portant in a management context depends upon the
identity and abundance of the species. If a dominant
shrub were in this group, then a management decision
between burning or slashing or mowing vegetation
would have major implications for subsequent standing
vegetation.
Sprouting variability can be caused by each of
variation in a pure probabilistic sense, space and time
(meaning condition and resources available), ontogeny
and disturbance type or intensity. But these effects are
only manifest in species that are intrinsically more
variable. Why some species are variable, when the
majority of species are clustered at the two extremes of
weak and strong sprouting, remains unclear.
Fig. 6. Sprouting ability related to plant traits for 45 semi-arid plant species following clip and burn treatments. Sprouting expressed
as proportion of 10 treated plants. R
2
S is the deviance explained by the trait as a percentage of the species model deviance and
represents how well the trait can predict the species responses. Symbols generally represent species mean trait values from 30 plants.
Maximum height was the maximum recorded on treated plants or from large plants nearby. Stem number categories represented
half-log cycles: 1, 2 /3, 4 /10, 11 /30,  /30 stems. Maximum sprout depths were measured on 1 /6 plants surviving clipping, n /38
species. For graphing on a log scale, 2 mm was added to depths as some species only sprouted above ground.
Table 3. Summary of results of two-factor logistic regression
models of traits predicting sprouting success between 45 semi-
arid species from south-eastern Australia. All full models
were signiﬁcant with PB/0.05. No interaction was signiﬁcant
(P /0.25). Model terms refer to effect of adding the term after
( /) one term is already included.
Model Clip Burn
DP D P
Stems ( /basal area) 75.4 B/0.01 30.1 0.10
Basal area ( /stems) 1.0 0.76 6.8 0.44
Stems ( /height) 98.4 B/0.01 109.5 B/0.01
Height ( /stems) 22.9 0.14 13.0 0.28
Stems ( /growth form) 98.4 B/0.01 109.5 B/0.01
Growth form ( /stems) 22.9 0.24 13.0 0.28
Stems ( /sprout depth) 50.7 0.04 26.7 0.11
Sprout depth ( /stems) 7.1 0.42 44.4 0.05
Basal area ( /growth form) 86.7 B/0.01 103.9 B/0.01
Growth form ( /basal area) 82.6 B/0.01 55.2 0.03
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Growth form was a partial predictor of whether or not a
species was a sprouter. Unsurprisingly, grasses tended to
be strong sprouters and chenopods weak sprouters. The
number of stems per plant was a good predictor overall,
but notably for forbs and woody species which covered
the range of sprouting ability. Using growth form
followed by the number of stems provided a simple
predictive model of whether or not a species was a
sprouter. This could be tested elsewhere. The ability to
sprout after burning was related to the soil depth from
which sprouts could emerge.
One interpretation of stem importance is that having
more stems provides more buds, giving greater prob-
ability that at least one will sprout (Malanson and
Trabaud 1988). An alternative interpretation is that
sprouting species possess more numerous and vigorous
buds, some of which sprout without disturbance and
create more stems. Reduced height growth is one cost
that the plant bears due to having many stems, and this
results in a negative correlation between height and
sprouting, albeit weaker than the stems per plant-
sprouting correlation. These results broadly agree with
the hypothesis explaining biogeography of sprouters
because of reduced height growth due to multiple stems
(Midgley 1996, Kruger et al. 1997). For several shrub
species, some in common with this study, height was
strongly correlated with sprouting within-species, though
not in a simple way (Hodgkinson 1998). Within species
studied here, larger plants were more likely to sprout,
similar to between-species patterns. The clear exception
in the similarity of within- and between-species patterns
was height. We found some evidence for taller plants
within species being more likely to sprout, in contrast to
the between-species pattern of shorter species being
more likely to sprout. This strengthens our conclusion
that the between-species pattern of taller species being
less likely to sprout is a secondary correlation due to
these species having single or few stems, rather than
height per se preventing species from sprouting (Belling-
ham and Sparrow 2000). Past work on traits related to
the sprouting strategy has emphasized root allocation
and starch storage (Pate et al. 1990, Lloret and Lo ´pez-
Soria 1993, Bell and Ojeda 1999). Results of this study
Fig. 7. (a) Peak temperatures at various depths in two soil types
under burning treatment. Pooled relationship: peak
temperature /113.3 (soil depth)
 0.316 R
2 /0.70, P B/0.001.
Symbols represent mean of at least three burning runs with
same thermocouple placement. (b) Minimum soil depth (mm)
from which sprouts emerged following burning, species means
from 1 /6 surviving plants.
Table 4. Summary of results of logistic regression models of traits related to whether a species belongs to the sprouter group or the
non-sprouter group. Model terms followed by ( / ‘‘model term’’) refer to effect of adding the term after the bracketed term is
already included.
Model d.f. D P R
2
L
One factor models
Sprout depth 1 18.80 B/0.001 36
Growth form 3 19.60 B/0.001 32
Stem number 1 14.95 B/0.001 25
Two factor stem and growth form
Stems  / growth interaction 3 5.49 0.24
Growth form and stems 4 25.52 B/0.001 43
Growth form ( /stems) 3 10.57 0.032 18
Stems ( /growth form) 1 6.81 0.009 12
One factor models of different growth forms
Grass vs else 1 11.75 B/0.001 19
Chenopod vs else 1 9.25 0.002 15
Forb vs else 1 0.60 0.44
Woody vs else 1 2.56 0.11
Stems (in forb and woody spp.) 1 11.37 B/0.001 32
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useful, and easier to measure.
Buds and heat death
The form of the relationship between maximum soil
temperature and soil depth was similar to that found for
fires in mallee shrubland similar to some of the sites in
this study (Bradstock et al. 1992) and for coastal
sclerophyll woodland (Bradstock and Auld 1995). Soil
temperatures near the soil surface were lower in our
study. At 5 mm below ground, predicted temperatures
were 718C (this study), and 828,8 4 8 and 1108C (under
three different fuel types in mallee shrubland; Bradstock
et al. 1992) respectively. This finding suggests that in real
fires with ground fuel, the zone of fatal heating might
extend 2 /15 mm deeper into the soil than we found in
this study. Countering this, the intensity of the burning
treatment may have been enhanced by being directed on
to a cut stem surface, rather than upward about an intact
stem as in a real fire. Our treatment would tend to negate
the effect of insulating bark at the stem base. Responses
to real fires, for several species from this study (Dodo-
naea viscosa angustissima, D. viscosa spatulata, Eremo-
phila longifolia and Senna artemisioides) were similar,
although sprouting in this study was sometimes lower,
suggesting that the clip and burn treatment was relatively
intense compared to real fires (Hodgkinson 1998).
Severe disturbance samples the population of stem-
base buds. The numbers of buds available to sprout
generally declines with depth. Predicting bud depth
would be useful; presumably there are costs of main-
taining deep buds Vesk and Westoby 2004b.
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OIKOS 107:1 (2004) 85Appendix. Species studied for sprouting ability from semi-arid central west NSW Australia. Nomenclature follows Australian Plant Name Index online database
(APNI, (Chapman 1991). Growth form: f, forb; gr, graminoid; ssh, chenopod sub-shrub; w, woody shrub or tree. Response group indicates clustering membership as
weak (w) or strong sprouters (s) in two-group model based solely on clipping or burning, or on joint results. Proportion surviving based on n /10, except in a few
cases where plants could not be relocated. Height is the maximum of the 30 individuals in the experiment; or where individuals were restricted below 1.5mf o r
sampling, then heights were based on tall individuals in the vicinity. Stems and basal area are means for the 30 individuals in the experiment. Stems per plant were
assigned to categories on a half log cycle (1, 1 stem; 2, 2 /3 stems; 3, 4 /10 stems; 4, 11 /30 stems; 5, 31 /100 stems). Sprout number and depths are means based upon
1 /6 individuals surviving treatment. *denotes species was retreated in the next year, proportion sprouting follows comma.
Species Family Response group Proportion surviving Height
(m)
Stems
(category)
Basal
Area
(cm
2)
Max. sprout
depth (mm)
Sprout
number
Min.
sprout
depth
(mm)
Growth
form
Clip
alone
Burn
alone
Joint
results
Control Clip Burn Clip Burn Clip Burn Burn
Vittadinia
triloba
Asteraceae f w w w 0.9 0.1 0.1 0.31 1.44 0.31  /1.5  / 4.5  /  /
Atriplex
semibaccata
Chenopodiaceae ssh w w w 0.8 0.1 0 0.23 1.93 0.32 3  / 8  /  /
Atriplex
stipitata
Chenopodiaceae ssh w w w 0.9 0 0 0.72 1.1 0.21  /  /  /  /  /
Enchylaena
tomentosa
Chenopodiaceae ssh w w w 1 0.11 0 0.23 1.72 1.05 1  / 30  /  /
Rhagodia
spinescens
Chenopodiaceae ssh w w w 0.9 0.2 0 1.39 1.5 0.92  /0.5  / 6.5  /  /
Callitris
glaucophylla
Cupressaceae w w w w 1 0 0 13.6 1.03 1.33  /  /  /  /  /
Beyeria opaca Euphorbiaceae w w w w 1 0.2 0 1.2 2.45 15.6  /  /  /  /  /
Micromyrtus
sessilis
Myrtaceae w w w w 1 0.1 0 1.42 2.43 23.4  /  /  /  /  /
Grevillea
anethifolia
Proteaceae w w w w 1 0.1 0.1 0.43 2.27 18.1 2 8 1 1 8
Hakea
tephrosperma
Proteaceae w w w w 1 0.1 0 10.8 2.37 0.4  /  /  /  /  /
Dodonaea viscosa
cuneata
Sapindaceae w w w w 0.9 0.1 0.1 2.26 2.63 8.82  /  /  /  /  /
Pimelea
microcephala
Thymeleaceae w w w w 1 0.2 0 1.93 1.45 1.52  /  /  /  /  /
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Species Family Response group Proportion surviving Height
(m)
Stems
(category)
Basal
Area
(cm
2)
Max. sprout
depth (mm)
Sprout
number
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sprout
depth
(mm)
Growth
form
Clip
alone
Burn
alone
Joint
results
Control Clip Burn Clip Burn Clip Burn Burn
Solanum
ferocissimum
Solanaceae f w w w 0.89 0.33 0 1.08 1.11 0.26 1  / 1  /  /
Cassinia laevis Asteraceae w w w w 1 0.44 0 3.01 1.24 0.47 5.3  / 5  /  /
Olearia
pimelioides*
Asteraceae w w w w 1 0.5, 0.89 0.3, 0.7 0.99 2.18 2.71 2.7 9.3 6.7 3.3 8
Dodonaea viscosa
angustissima
Sapindaceae w w w w 1 0.5 0 3.73 2.21 5.55 1.3  / 2.7  /  /
Dodonaea viscosa
spatulata
Sapindaceae w w w w 1 0.42 0.25 4.16 1.57 7.43 1  / 3  /  /
Calotis
cuneifolia*
Asteraceae f s w w 1 0.7, 0.2 0, 0 0.23 2.37 2.24 7  / 16  /  /
Vittadinia
cuneata
Asteraceae f s w w 1 0.78 0 0.2 1.93 0.48 4.3  / 6.5  /  /
Cheilanthes
tenuifolia
Pterideaceae f s w w 0.7 0.6 0.1 0.23  / 4.86 12 8 8.7 3 6.5
Panicum
queenslandicum
var
queenslandicum
Poaceae gr s w w 1 0.9 0.2 0.36 4.6 4.19 13 11 26 15 6
Chenopodium
desertorum
Chenopodiaceae ssh s w w 1 0.7 0 0.2 3.2 6.72  /0.4  / 8.8  /  /
Einadia nutans* Chenopodiaceae ssh s w w 1 0.6, 0.05 0, 0 0.17 3.07 4.72  /0.3  / 27  /  /
Sclerolaena
diacantha*
Chenopodiaceae ssh s w w 1 0.9, 0.4 0.1, 0 0.16 3.23 4.8 2.5  / 13  /  /
Senna
artemisioides*
Caesalpiniaceae w s w w 1 0.8, 0.95 0.2, 0.85 2.11 1.43 3.58 3.2 16 15 22 7.5
Calotis
lappulacea*
Asteraceae f s s s 0.9 1, 0.7 1, 0.4 0.31 2.9 3.87 16 22 34 10 8
Minuria
leptophylla*
Asteraceae f s s s 1 1, 1 0.6, 0.8 0.13 4.57 8.35 6 12 39 19 7.3
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Species Family Response group Proportion surviving Height
(m)
Stems
(category)
Basal
Area
(cm
2)
Max. sprout
depth (mm)
Sprout
number
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sprout
depth
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Growth
form
Clip
alone
Burn
alone
Joint
results
Control Clip Burn Clip Burn Clip Burn Burn
Chrysocephalum
semipapposum
Asteraceae f s s s 1 1 0.6 0.65 3.13 9.17 11 22 7.7 5.7 9
Gonocarpus
elatus
Haloragaceae f s s s 1 0.8 0.7 0.21 1.3 0.07  /0.3 18 5 3.3 14
Sida
cunninghamii
Malvaceae f s s s 1 0.8 0.8 0.12 2.57 0.61 17 12 12 9 11
Solanum
ellipticum
Solanaceae f s s s 0.9 1 0.7 0.27 2.53 2 4.3 27 8 2.3 24
Aristida
jerichoensis var.
subspinulifera
Poaceae gr s s s 1 1 0.6 0.36  / 9.7 11 11 29 37 7.2
Danthonia
caespitosa
Poaceae gr s s s 1 1 0.4 0.31 4.3 12.7 13 13 34 27 5.7
Digitaria
coenicola
Poaceae gr s s s 1 1 1 0.5 4.1 136 16 14 8 11 6.3
Digitaria
divaricatissima
Poaceae gr s s s 1 1 0.9 0.32 4.3 11.4 15 15 20 21 6.7
Enteropogon
acicularis
Poaceae gr s s s 1 1 1 0.31 4.4 94.7 11 17 10 5 12
Paspalidium
constrictum
Poaceae gr s s s 1 1 0.8 0.32 4.7 17.9 5.7 9.3 9 2.7 7.3
Themeda
triandra
Poaceae gr s s s 1 1 1 1.1 4.4 32.9 14 19 24 33 6
Thyridolepis
mitchelliana
Poaceae gr s s s 1 1 1 0.14 4 28.2 13 13 25 32 5.7
Lomandra
leucocephala
subsp robusta
Xanthorrheaceae gr s s s 1 0.9 1 0.58 2.96 31.5 68 33 3.7 2 29
Spartothamnella
puberula
Chloanthaceae w s s s 1 0.9 0.7 0.63 4 10.4 4.8  / 5  /  /
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Species Family Response group Proportion surviving Height
(m)
Stems
(category)
Basal
Area
(cm
2)
Max. sprout
depth (mm)
Sprout
number
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sprout
depth
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Growth
form
Clip
alone
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alone
Joint
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Control Clip Burn Clip Burn Clip Burn Burn
Bossiaea
walkeri
Fabaceae w s s s 1 0.9 0.9 2.07 2.47 16.9 60 28 7 4.3 8.3
Eutaxia
microphylla
Fabaceae w s s s 1 0.88 0.78 0.71 2.07 3.55 9.2 14 8.2 22 8.5
Eremophila
glabra*
Myoporaceae w s s s 1 0.9, 1 0.78, 1 1.63 3.45 73 19 21 11 4.3 16
Eremophila
longifolia*
Myoporaceae w s s s 1 0.9, 0.6 0.5, 0.61 5.85 1.61 3.39 7.3 16 3.7 3 7.3
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